Physical motion throughout the cardiac cycle may contribute to the rupture of the atherosclerotic carotid plaque, resulting in ischaemic stroke. The purpose of this study was to quantify the physiological motion of the atherosclerotic carotid plaque and to investigate any relationship between the quantified motion parameters and the degree of stenosis, greyscale plaque characteristics, and the presence of cerebrovascular symptoms.
Introduction
Ultrasound imaging is routinely used to assess atherosclerotic plaques in the carotid arteries. Although the processes increasing plaque vulnerability are not fully understood, it is thought that physical motion may play a part, contributing to plaque rupture and embolisation [1] [2] [3] [4] [5] . Studies investigating plaque motion using B-Mode ultrasound have mainly employed qualitative methods [6] [7] , except for scarce conference proceedings [8] [9] and studies utilising radiofrequency data [5, 9] . Iannuzzi et al., for example, quantitatively assessed longitudinal lesion motion and found an association with ipsilateral brain involvement in transient ischaemic attack (TIA) patients. Other investigators found relationships between recurrent ischaemic attacks and the motion of the intra-plaque contents [1, 10] . Meairs and Hennerici measured maximal plaque velocities using three dimensional ultrasound [11] . Other studies measured the motion of the carotid artery instead of the plaque [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , while some investigators assessed intra-plaque strains [26] [27] [28] [29] [30] [31] [32] [33] . However, previous studies have not provided a comprehensive evaluation of plaque motion, including physical plaque accelerations, relative to the ultrasound probe and relative to the periadventitial tissues using equipment readily available in a typical stroke clinic [34] .
Therefore, the purpose of this study was first to undertake an evaluation of carotid plaque motion relative to the ultrasound probe (bulk motion) and relative to the periadventitial tissues using a clinical scanner, and secondly, to investigate any relationships between the measured motion parameters and the degree of stenosis, greyscale plaque characteristics, and the presence of cerebrovascular symptoms. Our hypothesis was that quantitative assessment of carotid plaque motion using a clinical scanner can identify the "at-risk" carotid plaque at the bedside.
Methods
Fifty-one patients (61% male, mean age 77 years) who attended the University Hospitals of Leicester NHS Trust's Rapid Access Transient Ischemic Attack (TIA) clinic were recruited for this study. The study was approved by the National Research Ethics Service (NRES) Committee East Midlands -Northampton (reference 11/EM/0249) and followed institutional guidelines. Patients gave written, informed consent before participating in the study. Ultrasound image sequences of the carotid plaque in the longitudinal plane were acquired by experienced sonographers using a Philips iU22 ultrasound scanner (Philips Healthcare, Eindhoven, The Netherlands) and an L9-3 probe. B-Mode (greyscale) image sequences were recorded as DICOM files over an average duration of 5.6 seconds (mean frame rate was 32 frames per second) using the vascular carotid preset on the scanner (Vasc Car preset, persistence low, XRES and SONOCT on). Motion analysis was carried out for 81 plaques (stenosis range 10-95%). Each plaque was classified as either having caused cerebrovascular symptoms in the ipsilateral brain hemisphere within the past six-month period (i.e. symptomatic) or as asymptomatic following independent, specialist medical review.
The symptomatic plaque was used as a surrogate marker of the unstable carotid plaque.
Laboratory experiments to validate the motion analysis were carried out using an actuator device that generated programmable and repeatable periodic displacements of a tissue mimicking material (TMM). The specifications of this precision lead-screw- (Figure 1 ). The TMM used was an agar-based formulation, which had good acoustic properties and met the requirements of the IEC 1685 draft report [35] [36] . The composition (by weight) was 82.97% water, 11.21% glycerol, 0.46% benzalkoniumchloride, 0.53% SiC powder (400 grain, Logitec Ltd., Glasgow, UK), 0.94% (GSM) and surface irregularity index (SII) were measured using previously described methods [40] [41] and were averaged over all the ultrasound image frames acquired for each artery.
Motion Assessment
Motion assessment was performed using a block matching algorithm with the normalised correlation coefficient as the similarity measure [40] . Several points were manually selected in the first frame of the ultrasound image sequence at an approximate, uniform grid spacing of 1/2 mm covering the whole plaque body, or a 1 mm thick slab of tissue in the case of periadventitial tissues. These points were then automatically tracked in the successive image frames by iteratively testing template sizes from 20x20 mm 2 down to 6x6 mm 2 in decrements of 1x1 mm 2 (Figure 2 ).
The individual points describing the motion of the plaque and the periadventitial tissues were separately averaged, resulting in two motion trajectories; one for the plaque (rplaque) and one for the periadventitial tissues (rtissue). Motion of the plaque relative to the periadventitial tissues (rrel) was calculated by transforming rplaque to a reference frame the origin of which moved according to rtissue. Maximum displacement was calculated as the furthest distance between any two points assessed over all possible pairs of points on a given trajectory, while plaque velocity and acceleration were determined as the first and second derivatives, respectively, of the motion trajectories using the central difference method (gradient function in MATLAB).
Reproducibility was assessed by measuring each motion parameter 5 times for 10 plaques, and subsequently determining the intra-observer coefficients of variation.
The same ultrasound image sequences were used for the reproducibility analysis; thus no additional scans were performed. In the case of the in vitro analysis, motion parameters obtained using the present technique were compared against those obtained using a previously described method, which tracked the boundary of the tissue mimicking material ( Figure 1 ) [42] [43] .
Statistical Methods
The non-parametric Wilcoxon-Mann-Whitney test was used to determine whether motion parameters differed significantly between plaques that were or were not associated with symptoms. Logistic regression testing, one for the motion parameters relative to the ultrasound probe, and one for the motion parameters relative to the periadventitial tissues, were further employed to assess whether any of the motion parameters were significant predictors of symptoms. Correlations between the motion parameters and the degree of stenosis, plaque greyscale median and the surface irregularity index were determined using Spearman's rank correlation coefficient. In all cases, two-tailed p-values less than 0.05 were considered statistically significant.
Results
There were 31 male patients and 20 females, aged between 58 and 95 years.
Prevalence of the cardiovascular risk factors were as follows: 67% hypertension, 55% hypercholesterolaemia, 27% ischaemic heart disease, 16% atrial fibrillation, 27% diabetes, 43% previous TIA/stroke, 8% peripheral vascular disease, 65% history of smoking, 37% alcohol consumption, and 29% family history of stroke.
Motion analysis was successful for 66 plaques (81%) and unsuccessful for 15 (19%).
The causes of motion tracking failure were speckle decorrelation (13 plaques), and ultrasonic shadowing (2 plaques). The mean normalized correlation coefficient was 0.95 for the plaques for which motion tracking was successful. Figure 2 Figure 4 ). In the case of the motion of the plaque relative to the probe, the average displacement amplitude was much larger (>1 mm) but the differences between the symptomatic and asymptomatic groups were also statistically insignificant (Table 1 and Figure 4 ). Logistic regression testing further confirmed that none of the motion parameters, either relative to the ultrasound probe or relative to the periadventitial tissues, were significant predictors of the presence of cerebrovascular symptoms (p>0.05). There was no statistically significant association between any of the motion parameters and the degree of stenosis, or the greyscale plaque characteristics (Tables 3 and 4 ).
Measurement reproducibility was good for parameters representing the motion of the plaque relative to the probe (COV < 10%). It was better for mean plaque velocity and mean plaque acceleration (COV < 5%), than for maximum plaque displacement, maximum plaque velocity, and maximum plaque acceleration (COV >= 5%, Table 5 ). In the case of the motion of the plaque relative to the periadventitial tissues, reproducibility was lower for all motion parameters (COV > 15%). In vitro assessment showed that motion was not detected below a set displacement of 50 µm, while measurement error was higher in the range 50 to 100 µm (mean error 37.0%), compared with that in the range 200 to 500 µm (mean error 5.4%, Table 6 ). Figure 6 . In agreement with the programming of the actuator, velocity and acceleration were found to be greater when the motion was away from the ultrasound probe (increasing y values) compared to towards to probe (decreasing y values) ( Figure 5 ).
Discussion
This study provided an evaluation of the physiological motion of the carotid atherosclerotic plaque using B-Mode ultrasound image analysis, relative to the ultrasound probe and relative to the periadventitial tissues. Plaque velocities relative to the ultrasound probe have been investigated before, and our results are in accordance with previous findings [5, 11] . Despite demonstrating the capability to detect motion amplitudes as low as 50 µm, we found no significant differences in any of the motion parameters in relation to the presence of cerebrovascular symptoms, and no significant association was found between plaque motion and the degree of carotid artery stenosis, or greyscale plaque characteristics. Nevertheless, this study provides useful data on physiological plaque motion in the carotid arteries.
Several studies have previously investigated the motion of the atherosclerotic plaque. Chan's early work confirmed the existence of carotid plaque motion when patient or probe motion is taken into account [44] . However, this was a preliminary study looking at only two clinical image sequences at low frame rates, and did not establish the presence of any discrepant motion between the plaque and the periadventitial tissues. Iannuzzi et al. used a qualitative assessment scheme based on an apparent distal shift of the plaque axis, and found that longitudinal plaque motion was associated with ipsilateral brain involvement in transient ischemic attack patients [1] . However, only a small percentage of the plaques (37%) were found to have longitudinal lesion motion in that study and the analysis was based on 18 plaques having longitudinal plaque motion in the artery ipsilateral to hemispheric damage, compared to 6 plaques which had longitudinal plaque motion in the artery contralateral to hemispheric damage. Other studies, on the other hand, reported that plaques from symptomatic patients had higher maximum discrepant surface velocities compared with plaques from asymptomatic patients [8, 11] .
Since no significant relationship was found between the parameters describing the motion of the plaque and the presence of cerebrovascular symptoms in this study, other complementary methods such as plaque characterisation [40] [41] 45] , intraplaque strain analysis [26] [27] [28] and plaque elastography [46] [47] [48] [49] Ultrasonic shadowing, caused by calcified plaques, was the other aetiology of unsuccessful motion analyses. On the other hand, a success rate of 81% is similar to that of other studies investigating plaque motion, with similar underlying factors for unsuccessful analysis [11] . Secondly, although no association was found between plaque motion and the presence of cerebrovascular symptoms, it should be remembered that a comparison with plaque histology may have identified important associations as the presence of cerebrovascular symptoms is only a proxy for plaque vulnerability. Thirdly, since plaque motion is hypothesised to be a possible cause of plaque rupture, a prospective study looking at future incidence of cerebrovascular events can also identify important relationships. Therefore, plaque motion analysis, particularly the motion relative to the periadventitial tissues also remains an important research avenue for identifying the "at-risk" carotid atherosclerotic plaque.
Conclusions
This study provided physiological data on carotid artery plaque bulk motion and motion relative to the periadventitial tissues. The assessment was performed using equipment readily available in the stroke clinic with a technique that was demonstrated to be capable of detecting motion amplitudes as small as 50μm.
However, there were no significant differences found in the measured motion parameters with respect to the presence of cerebrovascular symptoms, the degree of stenosis, or the greyscale plaque characteristics. 
